Marginal lands have received wide attention for their potential to improve food security and support bioenergy production. However, environmental issues, ecosystem services, and sustainability have been widely raised over the use of marginal land. Knowledge of the extent, location, and quality of marginal lands as well as their assessment and management are limited and diverse. There are many perceptions about what constitutes marginal lands and so clear definitions are needed. This paper provides a review of the historical development of marginal concept, its application and assessment. Challenges and priority research needs of marginal land assessment and management were also discussed.
of lands would cause fluctuations in total production cost by shifting labor and capital, suggesting the farming trend between marginal lands and higher quality lands. The theory became the foundation of the marginal productivity theory. Hollander (1895) defined marginal lands as the poorest lands utilized above the margin of rent-paying land. Later, the concept of marginal land was systemically discussed by Peterson and Galbraith (1932) who examined the major variables associated with marginal lands, and proposed to dynamically determine locations of marginal lands. The three terms, physical marginal lands, production marginal lands, and economic marginal land were used under different backgrounds and concerns. In Europe, marginal lands have been defined as the land uses at the margin of economic viability (Strijker, 2005) . Schroers (2006) defined more clearly an economically marginal land as "an area where a cost-effective production is not possible, under given site conditions, cultivation techniques, agricultural policies as well as macro-economic and legal conditions".
Physical marginality and production marginality of lands based on soil suitability and restrictions are often adopted by soil scientists and agronomists for the purpose of land use planning. Marginal lands generally refer to the areas not only with low production, but also with limitations that make them unsuitable for agricultural practices and ecosystem function (Heimlich, 1989; Hart, 2001) . Some land limitations may not be directly associated with crop production, at least in the short term. Examples include highly erodible soil and ecologically sensitive areas. Prime farmland is defined as "the land that has the best combination of physical and chemical characteristics for producing food, feed, forage, fiber and oilseed crops". The opposite of prime farmland with restrictions of inherent soil characteristics are marginal lands (USDA-NRCS, 2010) . Marginal agricultural land, marginal cropland, and marginal farming land are synonymously used in agricultural production terminology (G. Larson, Roloff, & W. Larson, 1988; Niu & Duiker, 2006) . Marginal land concepts in agriculture are seldom applied to forestlands and grasslands.
High vulnerability of environment and ecological services of marginal lands have becomes issues of paramount concern (Baldock et al., 1996; Wood, Sebastian, & Scherr, 2000; Dale et al., 2010) . Soil erosion has been a major issue of decreasing soil fertility and yield due to loss of fertile topsoil, but its impact on nonpoint source (NPS) pollution (e.g., sediment and nutrients) became another focus of marginal land management (Charbonneau and Kondolf, 1993; USDA-NRCS, 2010) . Land capability classification was widely applied to agricultural management and land conservation by Natural Resources Conservation Services of the U.S. Department of Agricultural (USDA-NRCS). Eight classes together with four subclasses are used for grouping soils primarily based on their capability to produce common cultivated crops and pasture plants without deterioration (USDA-NRCS, 2010) ( Table 1 ). The land capability classes from IV to VIII characterized by high soil erosion or with some restrictions were generally categorized as marginal lands (Hamdar, 1999) . Because of multiple important ecosystem services that would be impaired by utilization (e.g. biodiversity, wildlife, habitats and soil carbon storage), wetlands were usually classified as marginal lands. Sustainability reflecting long-term preservation trends of land functions has become a key component of marginal land concept (Wiegmann et al., 2008; Lal, 2009) . Hence, the marginal land concept has evolved to meet multiple management goals and to incorporate the trade-offs of environmental protection, preservation of ecosystem s e r v i c e s a n d l o n g -t e r m sustainability (Baldock et al., 1996; Krcmar, van Kooten, & Vertinsky, 2005) . P. Macdonald and A. Macdonald (2009) analyzed environmental limits and social-economic factors of marginal lands in the Highlands and Island of Scotland, and addressed the interactions between marginal landscapes and culture. Marginal land use planning would substantially alter communities and their development trends in the rural areas of developing countries (Sugrue, 2008) . However, quantitative assessment of land marginality with respect to environmental suitability, ecological services, and sustainability is limited because of a lack of suitable metrics and criteria for multiple comparisons. 
Marginal Lands for Food and Bioenergy Production
Marginal lands provide necessary and candidate land resources for food production. Marginal lands account for about 36 percent of global agricultural land (1.3 billion ha), and support roughly one-third of the world's population (Wood et al., 2000) . Cultivation of marginal lands is inevitable because of a shortage of prime agricultural lands in densely populated regions, as is essential in the developing countries due to the increasing demand on food (Laird, 1951; Nelson et al., 1997; FAO, 2008) . To sustain crop production, marginal lands within the framework of land quality assessment program have become a major management target in countries with food shortages (FAO, 1993; Pieri, Dumanski, & Hamlbin, & Young, 1995) . Several studies have suggested that enhancing food production will require the conversion of marginal lands to appropriate cropland management systems as well as restoration of degraded lands and ecosystems (Lal, 2004; Biggs, 2007) . Twenty-five percent of recent increases in global wheat production were attributed to marginal lands in 1997 (Lantican, Pingali, & Rajaram, 2003) . Therefore, the importance of marginal lands for food production should be considered together with the requirement of land conservation and sustainability (Hoag & Skold, 1996) . Richardson, Bucks, & Sadler (2008) believed that marginal land in large farms under conservation practices could be profitable and sustainable for management through a national analysis of Conservation Effects Assessment Programs (CEAP) in the U.S.
Marginal lands are regarded as crucial for the second generation of bioenergy crop production (i.e., lignocellulosic biomass crops). Second-generation bioenergy crops provide an attractive option for avoiding land competition between first-generation bioenergy crops (e.g. corn and sugarcane) and food crops the Royal Society, 2008) . Vogel (1996) reported that the bioenergy crop, switchgrass [Panicum virgatum L.] can reach high biomass, and simultaneously avoid erosion on marginal lands. Marginal lands become competitive for bioenergy production when environmental, economic, and benefits are considered (Hill, Nelson, Tilman, Polasky, & Tiffany, 2006) . In the state of Tennessee, the U.S. alone, about 3.6 million ha of cropland eligible for CRP could be used for biomass production from cultivation of trees, native species, and improved grasses (Wells, Fribourg, Schlarbaum, Ammons, & Hodges, 2003) . This offers a high potential of biomass production for bioenergy. Additionally, utilizing marginal land resources such as riparian and roadway buffer strips, brownfield sites, and degraded agricultural land could produce enough feedstocks to meet a maximum of 22% of all the energy requirements (Gopalakrishnan, Negri, Wang, Wu, Snyder, & Lafreniere, 2009 ). In China, about 45 million ha of marginal land could be used for biomass energy production (Tang et al., 2010) . Using marginal land for bioenergy production in developing countries such as China and India would be the only solution to satisfy both food security and energy needs (Milbrandt & Overend, 2009 ). The Worldwatch Institute (2006) estimated that about 100 million to 1 billion ha of marginal lands are theoretically available for production worldwide. Establishment of biofuel plantations on these soils would also restore degraded soils, sequester SOC, improve soil quality, and benefit environment (Lal, 2009; Fisher, 2010) . Fargione, Hill, Tilman, Polasky, and Hawthorne (2008) conclude that bioenergy production on degraded and abandoned agricultural lands would cause little or no carbon debt.
Pressure on biomass production for bioenergy is also driven by political goals in the European Union and the US. Globally, biofuels in the transportation sector are stated increase from a current rate of 2% up to 10% in 2020. In the US, 36 billion gallons of renewable fuels will be required with the Energy Independence and Security Act by 2022 (U.S. Congress, 2007) . Undoubtedly, policies with subsidy programs or incentives will accelerate a transition of marginal lands into bioenergy production.
Marginal Lands Regarding Environmental Quality, Ecosystem Service and Sustainability
Concerns have been frequently raised regarding the impacts of marginal land use on environment, ecosystem services and sustainability. To avoid soil loss and nonpoint source pollution, the Conservation Reserve Program (CRP) of the U.S. has encouraged farmers to retire marginal farmlands from production (USDA, 2006) . CRP lands based on the Environmental Benefits Index (EBI) rankings benefit ecosystem services such as wildlife habitat and biodiversity. Hence, if such marginal lands are improved for food or bioenergy production, environmental quality and ecosystem services would be potentially at risk. Long-term monitoring and management are required for soil sustainability and minimizing environmental risks resulting from these land use changes (Blanco-Canqui, 2010) . Degradation of land and soils is a serious issue as suggested by an analysis of these North American prairie grass systems for lignocellulosic biofuel production (Gutierrez & Ponti, 2009 ). Some reports suggested that bioenergy production through land use change might not offset carbon emission (Righelato & Spracklen, 2007; Searchinger et al., 2008) . A systems study of sustainability is needed to target the multifaceted challenges of marginal land use (Gopalakrishnan et al., 2009; Interagency Biomass Research and Development Board, 2008 ).
However, a number of studies indicated that bioenergy crop production on marginal lands can benefit environmental quality, ecosystem service and sustainability. Because of relatively low soil organic carbon (SOC) content and weak ecosystem services in marginal lands, growing bioenergy crops on such lands can minimize the potential of long-term carbon debt and biodiversity loss in comparison to land clearing (Fargione et al., 2008; Tilman et al., 2009 ). The use of marginal lands for bioenergy production with sound management practices could potentially increase soil carbon sequestration, enhance soil and water quality and support ecosystem services (Lal, 2004; Mensah et al., 2003; Johnson, Franzluebbers, Weyers, & Reicosky, 2007; Liebig, Schmer, Vogel, & Mitchell, 2008) . In the process of becoming productive, these soils could be an effective repository of C through the enhancement of SOC (Lal, 2004) . Mensah, Schoenau, and Malhi (2003) reported that conversion of marginal land to perennial grassland for bioenergy biomass production would increase the soil carbon sink, reduce erosion, and enhance ecological functions. Previous studies on bioenergy crops summarized by Anderson-Teixeira, Davis, Masters, and Delucia (2009) and Blanco-Canqui (2010) indicated that bioenergy crops such as switchgrass and miscanthus can build up soil organic carbon and improve soil and environment after land conversion from restored prairie or CRP lands. Therefore, to evaluate the success of land management strategies in harmonizing the goals of economic, environment and ecosystem service, we need a comprehensive approach to addressing the intertwined issues of economic, carbon-uptake and structural diversity indicators (Gorissen, Buytaert, Cuypers, Dauwe, & Pelkmans, 2010) . Some methods of marginal land assessment derived from one or two land functions are inadequate for these multiple objectives. Accordingly, careful land use planning and management for marginal lands are required for sustaining production and environment (Barbier, 1989; Robertson et al., 2008) .
Dynamic Characteristics of Marginal Lands
Many marginal lands are dynamic because of land use changes and social-economic impacts. Marginal lands are a transitional state of land resources, and very sensitive to natural processes and varied managements (Figure 1 ). Poor management of productive lands could cause land degradation. Marginal land can be enhanced or restored to productive lands by improving land functions. Another major driving force affecting the value of marginal lands is the market mechanism determined by socio-economic drivers. With the change in demand, the margin of land cultivation will advance or recede (Hollander, 1895) . The decrease of land rent and increases of market demands change marginal profits and breakeven prices, and may finally lead to conversion of marginal lands into production. Places of economic paradox were employed to describe the dynamics and variability of marginal lands (Ritchie, 1950) . Pollard (1997) summarized the trend of marginal land in Europe from the Middle Ages, and indicated that marginal lands have been significantly subject to economic development and food demands.
Marginal land in Europe has been declining as a result of increasing labor costs and intensification of agriculture (Strijker, 2005) . Certainly, policies, incentives and regulations are among driving variables causing land use change (Strijker, 2005; Perlack, 2007; James, Swinton, & Thelen, 2010) . All these driving variables obviously push farmers to reclaim or abandon marginal lands because of changing breakeven prices. Hence, marginal lands may not remain marginal, depending specific circumstances. Transitional characteristics of marginal lands would be critical for describing marginal land dynamics, and should be fully considered when marginal lands are assessed and managed. 
Marginal Land Assessment
Current methods for identifying marginal lands are qualitative and empirical, and some of them are very subjective. These methods reflect specific management goals on croplands across countries that vary with location and time. In the land use management framework of the Food and Agricultural Organization, United Nation (FAO, 1993), marginal land was simply classified as the lands with limitations such as erosion, wetlands, soil salinization, unfit for plant cultivation. Marginal farming land and prime farming land are used for farming suitability assessment by USDA-NRCS. Generally, the areas in land capability class IV-VIII that have severe limitations of production are classified as marginal lands (Hamdar, 1999) . The farmlands registered in the Conservation Reserve Program (CRP) are generally treated as marginal lands to control soil erosion by the Food Security Act (Wells et al., 2003) . Simply put, if one limiting factor of crop production such as soil, landscape and climate exists, the land is marginal (Biggs, 2007) . Wastelands, paddy lands or lands fallow in winter are identified as marginal lands in China (Tang et al., 2010) .
Marginal land in the Marginal Lands Act 1940 of South Australia is simply classified as the land used to grow wheat, but unsuitable as the principle operations because of inadequate rainfall or other limitations (South Australia Land Act, 1940).
Some efforts for quantitative methods of marginal land assessment have been taken. On the basis of land capability classification, Larson et al. (1988) used a productivity index and an erosion resistivity index to identify marginal agricultural lands in Minnesota; however, other concerns such as wetland or soil limitations were not included. Smith, McDonald, and Thwaites (2000) developed a threat identification model for land sustainability assessment where marginal lands were identified with expert knowledge of local land management and their potential effects. Breuning-Masen, Reenberg, and Holst (1990) classified steep, wet and droughty soils as marginal agricultural land, and generated marginal land maps based on soil information in Denmark. Recent satellite data and historic information of land cover dynamics in Germany were used to detect the trend of abandonment of cultivation lands and further to identify marginal lands (Reger, Otte, & Waldhardt, 2007) . In these assessment methodologies of marginal lands, qualitative physical functions or restrictions of soil and landscape in addition to production were considered, but remain very limited in terms of quantitative assessment for multiple land functions. Social and economic factors are seldom included because of their high variability and lack of available data.
Mapping studies associated with marginal land assessment were also conducted at different spatial scales. Based on the detailed information of soil databases, marginal agricultural land in the seven states of the U.S was mapped by Niu and Duiker (2006) . High risk of organic carbon loss in marginal lands was delineated for land use decision making. Potential soil productivity map developed by Nizeyimana et al. (2001) provides a solid basis of land use management through the nation of the U.S. This map roughly provided the locations of potential marginal production area in the U.S. Milbrandt and Overend (2009) identified 12 categories of marginal lands using climate and soil restrictions, and generated a map of marginal land in the Asia-Pacific Economic Cooperation (APEC) countries with the global agro-ecological zones system of the United Nations Food and Agriculture Organization (FAO). Based on soil productivity, land slope and climate, global marginal agricultural land is estimated and delineated, and they indicated that high availability of this land for bioenergy production (Cai, Zhang, & Wang, 2011) . Most of these mapping studies were mainly derived from soil and agricultural production analysis, but less on the aspects of environmental quality, ecosystem functions, and sustainability.
Challenges and Needs of Marginal Land Use Management
The concept of marginal land has evolved into a comprehensive term including multiple needs and concerns. With current knowledge, the concept of marginal lands can be further defined as the lands that are physically inaccessible or with soil and climate restrictions, or with high environmental risk and fragile ecosystem services, and with low production and therefore unprofitable. Following this concept, marginal lands are able to be assessed Vol. 5, No. 5; 2013 quantitatively and the most suitable management practices applied. However, challenges of marginal land assessment and management remain and several research issues need to be addressed.
Criteria for Marginal Land Assessment and Management Recommendations
None of the current methods for identifying marginal land are widely accepted. Existing methods for marginal land assessment are mostly qualitative, and only address some concerns and management goals; some of them are very subjective. Without effective criteria for identifying marginal lands, land resources cannot be well assessed and managed. For example, at a global scale, the amount of marginal lands varied among different studies, 1.3 billion ha, 36 percent of agricultural lands (Wood et al., 2000) , about 100 million to 1 billion ha (The Worldwatch Institute, 2006) , and 385-472 million ha (Campbell, Lobell, Genova, & Field, 2008) . Obviously, these numbers were estimated using different criteria to define marginal land. The constraints for marginal land assessment in developed countries are generally stricter than those in the developing countries (Sugrue, 2008; Wiegmann et al., 2008) . While it may be challenging to establish global or unified marginal land criteria because of various management goals across region and countries, such criteria should be comparable and adjustable for a range of land use planning and policy making activities. As a major component of land resources assessment system, marginal land criteria should cover current requirements and concerns, and be derived from the existing criteria for water quality, air quality, soil and land quality or other tools for sustainable assessment. The criteria should also reflect the synergy of multiple land functions and management goals such as forested land, grasslands or rangelands, and other potential usable land resources besides crop land uses. Therefore, single index or criterion cannot fully meet these needs.
Land-Informatics Directing Marginal Land Assessment and Management System
Marginal land assessment and management involves multiple needs and concerns, and requires a systems approach to considering land functions and social-economic impacts. Major driving factors of marginal lands should include the demand of food supply and bioenergy, impacts of policies and incentives, and tradeoffs of environment, ecological services and sustainability. Current tools of soil quality and land quality assessment fail to meet the needs of marginal land management because of lack of comprehensive analysis of intertwined land functions and quantitative assessment. We outline here the essential ingredients of a land-informatics framework required to assist in the assessment, planning, monitoring of marginal lands (Figure 2 ). The framework incorporates land resources databases, land functions assessment, modeling and monitoring as well as decision-making tools. Best management practices and optimized production systems or scenarios of marginal lands can provide the synergistic analysis of land functions, needs and concerns on environment, ecosystem services and sustainability. Complimentarily, the land-informatics system is not only useful for marginal lands, but also can be extended to the other land resources management systems.
Marginal Land Use Policy and Regulations
Historically, land resources policies are associated with subsidy program and regulations in different regions and countries have played an important role in marginal land planning and management, for example, the Marginal Lands Acts 1940 in Australia (1940) , the US-CRP implemented in 1985 (USDA, 2006) , and the Energy Independence and Security Act of the US (U.S. Congress, 2007) . These policies and regulations changed land use patterns and trends. However, most current policies on bioenergy biomass production have explicit bioenergy production goals, without any or with limited consideration of environmental effects, ecosystem functions and sustainability such as controlling nonpoint source pollutions (NPS) and mitigating climate change. Land use policy adjustment is critical (Strijker, 2005; Robertson et al., 2008; Acs et al., 2010) . Meeting multiple goals with various tradeoffs in addition to production should be valued in the policies of marginal land use.
Priority Research Needs on Marginal Lands
Marginal land assessment and management are seriously challenged due to lack of clarified concepts, criteria, and effective quantification tools. The existing indices and indicators of soil quality and land quality that were developed for farming production are inadequate for assessing risks and tradeoffs of environment and ecosystem functions of marginal lands. The intertwined multiple land functions of marginal land further complicate assessment. Currently, the following research areas are critical for marginal land assessment and management:
• Developing and refining criteria of marginal lands. Criteria for marginal land assessment are urgent because of the current pressure of marginal land use transition for food and bioenergy crops. The existed indices of soil quality, land quality, environment and ecosystem indicated by Dumanski (1997) would provide a preliminary basis of criteria development. 
